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Abstract

The Ayeyarwady and Thanlwin Rivers, which primarily drain Myanmar, are together
one of the largest point sources of freshwater and sediment to the global ocean. Much
of the estimated 600 Mt of river sediment annually carried by the combined Ayeyarwady
and Thanlwin River system is delivered to a wide continental shelf in the northern Andaman Sea. Called here the Ayeyarwady-Martaban continental shelf, this area is influenced
by strong tides, monsoon conditions, and periodic cyclones; however, the processes that
dominate dispersal of fluvial material in the coastal ocean of this system remain poorly understood. The shelf exhibits a dramatic asymmetry of the surface morphology and sediment
texture in the east–to–west direction, and recent field observations indicate that sediment
accumulation rates increase and then decrease offshore of the western portion of the Gulf
of Martaban. A three-dimensional coupled hydrodynamic and sediment transport model
was used to explore the oceanographic processes responsible for sediment dispersal off the
Ayeyarwady-Thanlwin Rivers. Model runs were developed using ROMS (Regional Ocean
Modelling System) and SWAN (Simulating WAves Nearshore) to represent oceanographic
conditions in the region and suspended sediment transport. The model setup was applied
to two cases: one month representative of the winter northeast monsoon, and one month
representative of the summer southwest monsoon. Model estimates of sediment dispersal
and transport during summer and winter monsoon conditions were analyzed, and compared
to spatial patterns found in field measurements, as well as satellite imaging. Within the
Gulf of Martaban, both the surface and bottom currents were strongly tidally driven; therefore, seasonal signals were less prevalent. Over the Ayeyarwady delta region, the seasonal
signal was large in both wave energy and surface currents, which had a distinct bidirectional pattern: flowing eastward during the SW monsoon and westward during the NE
monsoon. Bottom currents over the Mouths of the Ayeyarwady had less seasonality. During the southwest monsoon, wave energy was higher over the Ayeyarwady Delta, leading
to increased resuspension of sediment that was subsequently carried into the Gulf near the
coast. Sediment resuspension was strongly tidal-dominated within the Gulf of Martaban,
with asymmetric tidal trapping making the Gulf region conducive to high turbidity. During
the NE monsoon, the Gulf acted as a ”mixing-bowl,” where there were high sediment fluxes
during flood and ebb tides, but very little net export. Meanwhile, the SW monsoon had
high tidal fluxes as well as a large net export of sediment out of the Gulf.
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Sediment Transport and Trapping
on the Ayeyarwady-Martaban Continental Shelf

1 Introduction

Rivers are the main pipelines that move sediment and particulate matter from the continents to the oceans. Himalayan rivers, in particular, are especially important for terrestrial
contributions of carbon as the high sedimentation rates resulting from high rainfall and
erosion provide an enhanced burial efficiency of organic matter (Galy et al., 2007; Ramaswamy et al., 2008). Two of the largest Himalayan rivers are the Ayeyarwady (also
known as Irrawaddy) and Thanlwin (also known as the Salween), flowing south from the
Himalayan mountains through Myanmar until emptying into the northern Andaman Sea
via the Ayeyarwady river delta and Thanlwin river valley. These two rivers are counted
among the largest rivers in the world in terms of freshwater, sediment, and organic carbon
discharge (Baronas et al., 2020; Kuehl et al., 2019).The Ayeyarwady system is home to the
majority of Myanmar’s 47 million inhabitants (Furuichi et al., 2009; Kuehl et al., 2019)
as well as expansive mangrove forests and numerous endangered species. The delta and
the river that formed it are vital for those that live in the area, providing water regulation, coastal protection, and supporting fishing industries (Webb et al., 2014). Myanmar’s
largest fishery is the Hilsa Shad (Tenualosa ilisha), for which Myanmar has the second
largest global fishery (Hossain et al., 2020). With the Ayeyarwady discharging massive
quantities of freshwater, sediment, and nutrients, it plays a vital role in the region, impacting the ecosystems, coastal morphology, and more. The Thanlwin River plays a similar part
in the region, with its catchment adjoining that of the Ayeyarwady for most of its length
and discharging into the Gulf of Martaban; these two rivers are often considered together
as the Ayeyarwady-Thanlwin, in a similar manner to the Ganges-Brahmaputra (Bird et al.,
2008).
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With modern anthropogenic impacts like damming (though there are other major anthropogenic influences), many Asian rivers have had a reduced flux to the oceans, but the
Ayeyarwady and Thanlwin have generally avoided this and are considered the last large
free-flowing rivers in Asia, though dam construction has begun within the Ayeyarwady
basin since the turn of the millennium (Chen et al., 2020; Hennig, 2016). In the coming
years, rivers in Myanmar are in a prime situation to be impacted by anthropogenic forcing
in the form of urbanization, changes in land use, and socioeconomic shifts as the country
has had dramatic and unprecedented political reforms in recent years (Bhattacharya and
Raghuvanshil, 2021; Webb et al., 2014). Agricultural land-use changes and deforestation in
the 2000s have begun to dramatically alter the state of the Ayeyarwady Delta, converting
land into aquaculture ponds and paddy cultivation areas (Chen et al., 2020); the mangrove
forests that protect the Ayeyarwady Delta have decreased by more than 64% and may be
completely depleted by 2026 (Webb et al., 2014). Terrestrial mining has increased exponentially in the past decades, including mines directly on the river mainstem (Chen et al.,
2020). Damming and waterway sand mining preferentially remove coarse sands and gravels, whereas deforestation and terrestrial mining introduce additional fine sediment to the
system, fundamentally changing the river’s sedimentary environment (Chen et al., 2020;
Lazarus et al., 2018).
These rapid changes in Myanmar’s political, socioeconomic, and physical landscape have
intensified population exposure to the dangers of river flooding, coastal erosion, and cyclones
that are further exacerbated by climate change, land subsidence, and sea-level rise (Anthony
et al., 2019; Chen et al., 2020). Despite the importance of these two rivers, both regionally
and globally, the area has been historically understudied due to the insular nature of the
country in previous decades (Webb et al., 2014). The transport and fate of the river-derived
sediments across the shelf is poorly known and has the potential to have dramatic impacts
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in the area. Similarly, the river-derived nutrients, especially organic carbon, are likely to
have large effects on the coastal ocean, but the transport pathways remain unidentified.
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2 Background And Relevance

2.1 Study Region
To describe the study region, we discuss features that influence the marine sedimentary
environment including the geologic setting, and climatic and oceanographic factors.

2.1.1 Geologic Setting
The Ayeyarwady continental margin has a complex geologic structure due to the nature
of the main tectonic control in the area (Fig. 1 b1). The India plate is obliquely colliding with and then subducted beneath the Eurasian plate (Singh and Moeremans, 2017).
This collision has generated the Andaman-Nicobar ridge and the associated deep Andaman
Trench as well as the Andaman Sea, a pull-apart basin lying above and behind the primary
subduction zone. The nature of the collision has created strike-slip faults, most notably the
Sagaing fault in the Andaman Sea, which runs N-S through the Ayeyarwady continental
margin (Kravtsova et al., 2009).
Shelf morphology shows a distinct bilateral asymmetry across the Sagaing fault (Fig.
1 b). To the east is the shallow Gulf of Martaban, a bathymetric low in the form of the
Martaban depression, and a subaqueous delta clinoform feature bridging those two features.
The ”Mouths of the Ayeyarwady” is the southern-facing portion of the Ayeyarwady river
delta (labeled in Fig. 1 b1), which lies to the west of the fault, along with an approximately
linearly increasing ”ramp” in front of the delta. This area will heretofore be referred to as
the ”delta ramp.” The sediment bed across the continental margin has a few key regions
(Kuehl et al., 2019; Rao et al., 2005). The first is a substantial mud belt in the Gulf of
Martaban, the second being a sandy region on the delta ramp, and the third being regions
5

Figure 1: Map of the study area. a) Map of southeast Asia around the study area. b)
Bathymetry of the Andaman Sea surrounding area (adapted from Sindhu and Unnikrishnan
(2013)) with relevant rivers labeled. b1) The same region as panel b, showing the major
geographic features (adapted from Kuehl et al. (2019)). c) The black box indicates extent
of the model domain.
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Figure 2: Left: Spatial sediment texture map of the continental margin, from Rao et al.
(2005). Right: Pie charts of sediment grain size derived from Kasten sediment cores, from
Kuehl et al. (2019).
of mixed sands and muds (Fig. 2).

2.1.2 Tidal Regime
Tidal range within the Gulf of Martaban can reach upwards of seven meters, with tidal
currents approaching three m/s during spring tide (Ramaswamy et al., 2004; Rao et al.,
2005). Westward, along the Mouths of the Ayeyarwady, the tidal climate becomes less
intense, dropping to a meso-tidal system with amplitudes from two and three meters. In
this study region, the dominant harmonic tidal constituents are the M2 (principal lunar
semi-diurnal) and S2 (principal solar semi-diurnal), though the N2 (larger lunar elliptic
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semi-diurnal), K1 (principal lunar diurnal), and O1 (lunar diurnal) are also significant in
the region. The amplitude of the M2 has an interesting interaction in the Gulf such that it
increases north/northeast into the shallow Gulf, as discussed in Sindhu and Unnikrishnan
(2013). The spring-neap cycle has a large effect on water level, with spring tidal amplitudes
reaching seven meters in the Gulf of Martaban, whereas it is only three meters during neap.

2.1.3 Monsoon Influence
The Andaman Sea and the surrounding area is heavily influenced by the seasonal monsoons that cover the entire Indian Ocean region. The monsoon is a result of the movement of
the Intertropical Convergence Zone (ITCZ), an area of low pressure and converging winds.
The ”summer” monsoon from mid-May to October, also known as the southwest (SW)
monsoon, is characterized by heavy precipitation and thus high river discharge. Winds
are predominantly from the southwest and the area generally experiences more energetic
conditions, i.e. large waves and strong winds. In contrast, the ”winter” northeast (NE)
monsoon is the dry season (here defined as November through February) and is characterized by low precipitation, low fluvial discharge, and smaller wave energy. Winds weaken
and switch direction to originate from the northeast (Kravtsova et al., 2009; Ramaswamy
et al., 2008). The transition periods between monsoon conditions are associated with the
northern Indian Ocean cyclone season, which has a bimodal distribution peaking in May
and November (Hoarau et al., 2012).
Twelve years (2006-2018) of atmospheric data from the Global Forecast System Environmental Modeling Center (2003) global model was analyzed as a way to quantify seasonality
more rigorously (Fig. 3). Average winds were slowest during April (only approximately 2
m/s), though winds slowed similarly in October and November. Wind speeds were fastest
during the summer (SW monsoon), averaging about 7 m/s. During the winter (NE mon-
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soon), winds were moderately fast, averaging 4-5 m/s. Wind direction has a similarly strong
seasonality. During the SW monsoon (summer), winds are consistently from the southwest
as the name implies, with low variability. During the NE monsoon (winter), winds are from
the northeast, though there is higher variability in the direction.

2.1.4 Wind Wave Climate
Anthony et al. (2019) examined 38 years (1978-2016) of hindcast data for this region from
the ECMWF (European Centre for Medium-range Weather Forecasting) Wave Atmospheric
Model. They found the energetic wind waves that reach the delta and gulf are primarily
generated by the southwest winds and as such are almost entirely from the southwest
direction. The waves have moderate fetch and an average period of 10 seconds with typical
values ranging from 8-12 seconds. Wave height is highly seasonally variable, with larger
waves during the wet summer monsoon when winds strengthen with average wave heights
reaching two meters, though waves can be much higher (up to five meters) during cyclones.
During the dry winter monsoon, wave heights attenuate as the ITCZ moves south, reducing
winds in the area.
This project examined 12 years (2006-2018) of hindcast data from the WaveWatch III
(Tolman (2009)) wave model (Fig. 3) and found similar seasonal patterns to those reported
in Anthony et al. (2019). During the summer (SW monsoon), average wave heights were
approximately two meters, whereas wave heights during the winter (NE monsoon) were
about 0.75 meters. During certain extreme conditions wave heights exceeded three meters,
though this only occurred nine times in the 12-year record and all were during summer.

9

Figure 3: Climatological conditions for the model domain. Grey dots are daily-averaged
model output from WaveWatch 3 (Tolman, 2009) and GFS (Environmental Modeling Center, 2003) over the 12 year period from 2006-2018. The black lines are the averages over
those 12 years, while the light green areas are the region between the 16th and 84th percentiles. a) Significant wave height. b) Wind speed. c) Meteorological wind direction
(N means from the north). Directional average becomes less meaningful during periods
between the monsoons when wind direction is highly variable, resulting in the jumps in
average direction.

10

2.1.5 River Influence
Three rivers feed into the northern Andaman Sea—the Ayeyarwady, Thanlwin, and Sittang. The Ayeyarwady is approximately 2,170 km long with a catchment area of 413,000
km2 that covers the majority of Myanmar, discharging 380-430 km3 of water annually (Milliman and Farnsworth, 2013). It discharges primarily through the Mouths of the Ayeyarwady,
though it also has several distributaries elsewhere on the Ayeyarwady Delta that discharge
directly into the Gulf of Martaban such as the Yangon River. The Thanlwin is approximately 2,400 km long, originating high on the Tibetan plateau with a catchment area of
324,000km2 and discharging 210 km3 of water into the eastern edge of the Gulf annually
(Milliman and Farnsworth, 2013). The Sittang is the smallest of these three rivers at only
420 km in length and discharging 50 km3 of water each year into the northernmost part of
the Gulf (Milliman and Farnsworth, 2013). The values for annual discharge vary between
sources and have a high level of uncertainty given the limited field observations. Values
given here are only to demonstrate their total mainstem discharges. The distribution of
discharges are evaluated more thoroughly within the Methods section. Just as the winds
and waves have intense seasonality, so do the river’s discharges: approximately 80% of the
annual freshwater discharge occurs during the summer SW monsoon (Fig. 4).

2.1.6 Sediment Dynamics
Research in the sedimentary system of the Ayeyarwady/Thanlwin rivers has been active
in the past decades (Anthony et al., 2019; Baronas et al., 2020; Furuichi et al., 2009; Kuehl
et al., 2019; Ramaswamy et al., 2008; Rao et al., 2005; Robinson et al., 2007). Sampling
via turbidity sensors and point samples has shown that suspended sediment concentrations
(SSC) in the Gulf of Martaban were as high as 500 mg/l in the surface layer and increased
to almost 700 mg/l in a nepheloid layer (Ramaswamy et al., 2004), though concentrations
11

Figure 4: Average climatological discharge of the Ayeyarwady River mainstem. Light blue
dots indicate monthly data from 1966-1996 reported by the Department of Hydrology and
Meteorology in Myanmar, originally published in Furuichi et al. (2009). The blue bars are
the averages of that 30 year period for each month.
may be even higher. The extent of the high-turbidity zone of the Gulf of Martaban has been
shown to have temporal variability on both daily and seasonal time scales by satellite imaging (Ramaswamy et al., 2004; Matamin et al., 2015). Spring tides were characterized with
a larger surface turbidity extent, while neap tides show the region shrinking (Ramaswamy
et al., 2004). Interestingly, monthly averages of suspended sediment over the decade from
2002-2012 have shown that satellite-based SSC was higher during the winter relative to the
summer and the extent of the region was larger (Anthony et al., 2019; Matamin et al., 2015).
It has been hypothesized that this change was due to the monsoonal shift of winds, creating
upwelling favorable conditions during the winter NE monsoon (Liu et al., 2020) or flood
plain sedimentation during the SW monsoon and lag effects Anthony et al. (2019). Kuehl
et al. (2019) hypothesized that the sediment bed offshore of the Mouths of the Ayeyarwady
is wave-swept, removing fine sediment from the area and measured that the Gulf of Martaban has thick sediment mixing depths. Holocene sediment deposits have been shown to
be thickest along the clinoform feature between the Gulf of Martaban and the Martaban
Depression (Kuehl et al., 2019; Liu et al., 2020).
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2.2 Numerical Models
Field experiments are both expensive and difficult—equipment can cost tens of thousands of dollars and sampling during energetic conditions, especially storms, becomes difficult if not impossible. In addition, samples are often collected at fairly limited points
in time and space and researchers must then make assumptions and inferences about the
regions and times between. Numerical modelling allows for relatively high resolution model
calculations based on the local processes that can incorporate existing data and is able
to extrapolate beyond the sampling region, allowing for a more spatially and temporally
complete understanding of a system. Numerical sediment transport models have become
more robust and more widely used over the years for a wide range of applications and study
regions (Amoudry and Souza, 2011; Harris et al., 2005; Hendriks, 2016; Moriarty et al.,
2014)
Numerical models such as ROMS (Regional Ocean Modelling System) are able to solve
three dimensional behaviors and characteristics of the hydrodynamics. The Coupled Ocean
Atmosphere Wave Sediment Transport (COAWST) modeling suite was developed to incorporate multiple models and allow for two-way coupling between them in order to quantify
processes and interactions within a study region. The models suitable for native use in
COAWST are as follows:
• ROMS [Regional Ocean Modeling System] hydrodynamics model,
• SWAN [Simulating WAves Nearshore] wave model,
• WRF [Weather Research and Forecasting model] atmospheric model, and
• CSTMS [Community Sediment-Transport Modeling System] sediment model
(Warner et al., 2005, 2008, 2010). Within this thesis, COAWST was implemented to use
13

ROMS, SWAN, and CSTMS in a three-dimensional configuration, as described below in
the Methods section.
For regional scale applications, numerical ocean models often use output from large,
lower resolution models to specify input forcing or boundary conditions. Jana et al. (2015)
used ROMS to model the entire Bay of Bengal using a spatial resolution of 1/12◦ (≈ 9 km)
and included wind forcing and fluvial input. While their grid did include the Ayeyarwady
Delta, Gulf of Martaban, and northern Andaman Sea, this area was not the focal point
of their study, they did not include sediment transport or tides, and the 9 km resolution
did not resolve fine-scale processes there. Chatterjee et al. (2017) developed a numerical
model with similar spatial resolution to Jana et al. (2015) (0.1◦ or ≈ 11 km) focused on the
Andaman Sea and explored seasonal circulation there. Relative to exchange with the Bay
of Bengal, they found that the Andaman Sea currents were driven by equatorial forcing and
local winds to similar degrees. Hendriks (2016) used a Delft3D model focused on flooding
and salt intrusion into the Ayeyarwady Delta channels, neglecting the larger margin region.
They did consider sediment with regards to bed roughness, but did not report explicitly
modeling sediment transport. Therefore, while numerical models have been developed for
the study region, no model has been developed that can account for sediment transport
processes from the river mouths to terminus in depositional locations on the continental
shelf offshore of the Ayeyarwady and Thanlwin rivers.
However, several studies have used regional-spatial scale models to address sediment dispersal issues offshore of other fluvial systems. For example, Moriarty et al. (2014) modeled
the region around the Waipaoa Shelf, New Zealand, but did include fluvial input, winds,
waves, tides, and suspended transport within the COAWST system. They also nested their
grid within a large-scale hydrodynamic model similar to what was done here. Harris et al.
(2020) used ROMS with sediment transport for the Gulf of Mexico region, including winds,
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waves, and river discharge. Bever and Harris (2014) utilized the ROMS and SWAN models
to examine sediment transport dynamics and dispersal mechanisms across the continental
shelf, including gravity-driven transport effects. Wang et al. investigated sediment transport processes through the Bohai Strait, China by comparing ADCP platform data to a
coupled ROMS and SWAN model.

15

3 Project Methods

3.1 Approach
This section outlines the development of the numerical model as a means to answer the
aforementioned questions and gauge hypothesis success. The model has been implemented
within the COAWST system and utilizes available datasets such as global model output as
a supplement to the limited available field data. The spatial domain of the model covers the
box c in Fig.1. The model incorporates processes including waves, tides, winds, river discharge, sediment resuspension, and open boundary exchange. COAWST was implemented
to include the wave model, SWAN; and hydrodynamics and sediment transport using ROMS
with CSTMS. Atmospheric forcing and open boundary conditions were obtained from global
scale models as described below; a summary of data sources used to force the model can
be found in Table 1. SWAN and ROMS were run with one-directional coupling, where the
SWAN waves impacted ROMS hydrodynamics, but not vice versa; both were run on the
same 1 kilometer spatial resolution model grid. The model setup was broadly based on a
ROMS implementation of the Gulf of Mexico used in Harris et al. (2020).
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Table 1: Data sources and the parameters used from each.

Data Source

Parameter Used

Resolution

Citation

ETOPO1

Bathymetry

1/60◦

(Amante and Eakins, 2009)

WaveWatch III

Wave height
Wave period
Wave direction

1/2◦

(Tolman, 2009)

Global HYCOM

Sea surface height
Salinity
Temperature
Flow velocity

1/12◦

(Chassignet et al., 2007)

TPXO

Tidal Constituents

1/30◦

(Egbert and Erofeeva, 2002)

GFS

Winds
Longwave radiation
Shortwave radiation
Air temperature
Air pressure

1/2◦

(Environmental
Center, 2003)

Modeling

August 2017 and January 2018 have been chosen as the primary time frames that were
examined using the model. August and January are both broadly representative of the
monsoonal conditions (Fig. 3). Though they are slightly less energetic than average (Fig.
5), the specific August and January chosen, 2017 and 2018 respectively, were chosen as
they straddle December 2017, in which field work was completed by Kuehl et al. (2019).
Climatological wind roses of global model forcing (Environmental Modeling Center, 2003)
used for the two model cases can be found in Fig. 6 to highlight the strong contrast between
seasonal winds. Many analyses were described over the course of a 14-day spring-neap cycle.
The spring-neap cycle was examined from spring to spring within each model run due to
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Figure 5: Model forcing time series of waves and winds used for the two model cases as
compared to global model climatology. The black line are the daily averages from Figure
3. Green lines indicate the spatial average of values used to force the models in this work.
Left) NE monsoon model forcing. Right) SW monsoon model forcing. a) Significant wave
height. b) Wind speed. c) Meteorological wind direction (N means from the north). d)
Modeled sea surface elevation for a point in the Gulf of Martaban to show tidal stage and
the spring-neap cycle.
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Figure 6: Wind roses of atmospheric forcing for the two model runs. Left) NE monsoon
condition wind forcing. Right) SW monsoon condition wind forcing. Angle indicates meteorological direction (N means from the north, etc), color indicates wind speed, and length
indicates frequency of occurrence.
the phasing of the cycle. A general tidal stage can be interpreted from Fig. 5d, which shows
sea surface elevation calculated along the 10-m isobath from a location in the middle of the
Gulf of Martaban.

3.2 Model Development And Implementation
3.2.1 Model Grid
The model domain was comprised of a structured grid of square cells, one kilometer on
a side, with a spatial extent of 488 × 363 kilometers. The southwestern corner of the grid
aligns with the northern-most of the Andaman Islands, and the eastern boundary of the grid
was the coastline of Myanmar. In the 3D application, 40 vertical sigma layers were used,
with a terrain-following stretching function for high bottom boundary layer resolution for
use in sediment applications with θs = θb = 3.0 (Chen et al., 2013). For instance, along the
20m isobath, bottom vertical resolution was on the order of 10cm, though layer thickness
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Figure 7: Extent of the northern Andaman Sea model domain. Land is colored in green.
Bathymetry is contoured at 10m intervals from 0 to 200m in order to focus on the shelf
morphology. Thicker contours correspond to 10, 50, 100, 150, and 200m. Blue dots show
the locations where freshwater was introduced into the model, size not to scale. The easternmost two are discharge points for the Thanlwin; the northernmost one for the Sittang;
the remaining nine are discharge points for the Ayeyarwady.
varies with water depth. For computational efficiency, the grid has been run in parallel and
tiled on a 4 × 9 distribution.
The model grid bathymetry (Fig. 7) was created using ETOPO1 data and the matlab
tool EASYGRID with manual editing to remove grid artifacts and smooth the coastlines.
ETOPO is NOAA’s global relief (or Earth TOPOgraphy) dataset, incorporating both continental topography and oceanic bathymetry at various spatial resolutions (Amante and
Eakins, 2009). ETOPO1 was utilized in this project, so-called because it has a 1-arc minute
spatial resolution. ETOPO1 was generated by combining a large number of datasets and
measurements, which allows for global coverage; however, within our study region, the
ETOPO1 dataset contained discontinuities and unrealistic artifacts that seem to stem from
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merging datasets and/or resolution limits of the original data. In order to use the ETOPO1
data for this project, the bathymetry in this region was hand edited to match the coastline
more closely and remove isolated bathymetric highs. It was then smoothed using a Shapiro
filter to remove high-frequency noise and reduce the steepness of the bathymetry, an important requirement for terrain-following models (Shapiro, 1970). The GEneral Bathymetric
Chart Of the Oceans (GEBCO) dataset was examined once available (GEBCO Compilation
Group, 2019), but found that it yielded very similar bathymetry and as such, this study
continued use of the ETOPO1 dataset. Within the Gulf of Martaban, the model grid had
a bathymetric low in the shallow region to the north. After evaluating the ETOPO1 data
and comparing to other observations and discussing with Steve Kuehl, this bathymetric
low was considered likely a model artifact and removed. The region was then ”filled” and
smoothed to give the resulting bathymetry, though the uncertainty in the bathymetry in
this northern portion of the Gulf lends some uncertainty in the model calculations there.
The model grid successfully captures the major features of the region: the shallow Gulf of
Martaban, the Martaban depression (though with less steep sides as a result of the Shapiro
smoothing), and the subaqueous delta offshore of the Mouths of the Ayeyarwady.

3.2.2 Hydrodynamics
The hydrodynamic model was a ROMS (Regional Ocean Modelling System) model
(Shchepetkin and McWilliams, 2005), implemented within the COAWST modelling suite
(Warner et al., 2010). Sub-grid scale mixing was represented using the generic length scale
(GLS) scheme of Warner et al. (2005). Advection in the hydrodynamic model utilized the
3rd order HSIMT scheme for tracers in both the horizontal and vertical directions (Wu and
Zhu, 2010) with a time step of 20 seconds. The hydrodynamics included wind forcing, tides,
freshwater discharge via rivers, and open boundary conditions for temperature, salinity, and
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sea surface elevation as described below. Model calculations were saved as hourly output.
Tides were added to the model using free surface and velocity tidal constituents from
TPXO 9. TPXO is the Oregon State University Global Inverse Solution (Egbert and Erofeeva, 2002) tidal model that combines TOPEX-Poseidon (TOPography EXperiment - Positioning, Ocean, Solid Earth, Ice Dynamics, Orbital Navigator) satellite altimetry and the
Laplace tidal equations. TPXO best-fits (by least-squares) to both the equations and data
in order to create global models of tides and their individual harmonic constituents. TPXO
provides constituent amplitudes, phases, and directions. The TPXO data for the harmonic
constituents M2, S2, N2, K1, and O1 were used for tidal forcing in this model. The five constituents chosen are those that are most dominant in the study region as shown in Sindhu
and Unnikrishnan (2013). They were applied to the open boundary with Chapman (for
free-surface) and Shchepetkin (for momentum) conditions (Chapman, 1985; Shchepetkin
and McWilliams, 2005).
HYCOM (HYbrid Coordinate Ocean Model) has been developed as part of a coordinated
effort between a consortium of institutions sponsored by the National Ocean Partnership
Program (NOPP) (Chassignet et al., 2007). The created product is a data-assimilative
ocean model hindcast that utilizes a hybrid vertical coordinate system that retains isopycnal
coordinates within the open ocean, but converts to a terrain following coordinate in coastal
waters where bathymetry has a larger impact. The idea was that one coordinate system is
not optimal at all locations, so a combination is preferable. Model output from the Global
HYCOM model was used for both initial and boundary condition forcing (at one hour
temporal resolution), including sea surface height, salinity, temperature, and flow velocities
along the boundary of the model. These were interpolated from the HYCOM grid to the
Andaman ROMS grid by linear interpolation.
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3.2.3 Atmospheric
Atmospheric forcing was implemented via bulk fluxes (Fairall et al., 1996) of the Global
Forecast System (GFS) data fields. GFS, previously known as the Medium Range Forecast (MRF) model, is a global weather model comprised of four coupled sub-models: atmospheric, ocean, soil, and sea-ice (Environmental Modeling Center, 2003). Spatial and
temporal resolution have varied through the model’s life, but the version utilized for this
project returned output at 1/2◦ and 6 hourly resolution. GFS output was used to specify
the model’s atmospheric forcing, including winds and shortwave/longwave radiation.

3.2.4 Waves
The wave fields were calculated using the SWAN (Simulating WAves Nearshore) model
(Booij et al., 1999; Ris et al., 1999), also implemented within COAWST. Boundary conditions were specified from WaveWatch III data, entered as files containing nonstationary
wave parameters. GFS winds were applied as velocities at the surface. The SWAN wave
model was run in non-stationary two-dimensional (2D) mode with temporal resolution of
ten minutes on the same 1-km grid as the ROMS model. SWAN calculations accounted for
wave-induced wave generation, dissipation by bottom friction, nonlinear wave interactions,
and depth-induced wave breaking. Bottom friction used the Madsen formulation (Madsen et al., 1989) with a bottom roughness of 0.05 m. There were 36 directional bins used
for wave propagation and wave frequencies were calculated between 0.05 Hz and 0.5 Hz.
Wave output from the SWAN model (wave height, surface/bottom period, peak/nonpeak
direction, and bottom orbital velocity) was input into the ROMS model at one hour temporal resolution over the entire domain. The implementation does neglect wave-current
interactions, which could be accomplished by full two-way coupling of ROMS and SWAN,
functionality that is available in COAWST (Warner et al., 2010). Given the large magnitude
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of tides in the region, the strong variation of water depth and tidal currents could impact
wave propagation, but was not considered at this time. To account for wave contributions
to bed stress in the hydrodynamic model, the ROMS bottom boundary layer formulation
uses the Styles and Glenn (2000) combined wave-current model.
WaveWatch III (WW3) (Tolman, 2009) is a third-generation wave model created by
NOAA / NCEP. Its predecessors, WaveWatch and WaveWatch II were designed at Delft University of Technology and NASA, respectively. WW3 has developed into a wave modelling
framework, allowing for implementation of newer approaches as they arise. WW3 calculates
wave properties by solving the spectral action density balance equation in wavenumberdirection-frequency space. NOAA maintains a global WW3 model at

1◦
2

spatial resolution

(as well as others), with output freely available and accessible through their FTP server.
At 1/2◦ spatial resolution, WW3 does not account for important bathymetric and coastline
effects in this area, as can be seen in Figure 10 of Kuehl et al. (2019). Due to the coarseness
of the WW3 model, we used WW3 to provide wave parameters on the open boundaries
and ran the SWAN wave model for this region to account for wave modifications within the
grid at the 1 km scale. As the WW3 grid has a coarser resolution than the Andaman grid,
a nearest neighbor interpolation was done to generate open boundary files for the SWAN
model at the correct resolution.

3.2.5 Sediment
Suspended sediment transport has been enabled using the tracer transport equations
within COAWST (Warner et al., 2008, 2010). Bedload was neglected as the transport
processes relevant to fluvial discharge in the Gulf are likely to be suspension dominated.
All sediments were implemented as non-cohesive. The initial sediment bed was created as a
simple uniform bed one meter thick, evenly distributed between the sediment classes (25%
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each). As most analysis was completed on the spring neap cycle, the initial bed had more
than a week of ”spin-up” in each model to change from the unrealistic uniform distribution.
Sediment properties for the four classes were chosen via the method from Soulsby (1997)
in such a way that the classes covered a broad range of sediment sizes and settling velocities.
Three of the four grain sizes for sediment classes fall within the observed sediment ranges
found in Kuehl et al. (2019) and Rao et al. (2005). The largest size falls into the broad
’sand’ category of both studies and was added to ensure that some sediment remained on
the bed as initial testing resulted in all sediment being eroded. Critical shear stresses were
limited to a minimum of 0.1 Pa for similar reasons as the tidal currents were energetic
enough to suspend nearly the entire bed simultaneously. Implementing cohesive sediments
could potentially prevent such issues in a more physical manner.
Table 2: Sediment model size classes, along with corresponding settling velocity (ws and
critical shear stress (τcr ).
Class

Class Size (mm)

ws (mm/s)

τcr (Pa)

1

0.12

8.0

0.15

2

0.42

1.0

0.1

3

0.0147

0.125

0.1

4

0.0052

0.075

0.1

3.2.6 Fluvial Input
The model needs a specification of freshwater input (m3 /s) and fluvial suspended sediment concentration (kg/m3 ) at every grid cell where a freshwater river or distributary
discharges into the coastal ocean. As this model was run for August 2017 and January
2018, the ideal scenario would have been to use discharges for those time periods. However,
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this was problematic because the Ayeyarwady, Thanlwin, and Sittang are not regularly
gauged and the distribution of discharge in the complex Ayeyarwady distributary network
is unclear. To develop the model input for fluvial discharge, grid cells where major distributaries meet the coast were identified. These areas are identified in Fig. 7 as blue circles.
The easternmost two circles are the outputs of the Thanlwin river and the northernmost is
the Sittang river; the rest are distributaries of the Ayeyarwady, including the Yangon.
As the rivers were not gauged for the months being modeled, we depended on historical
data. Ayeyarwady annual freshwater discharge was available from Baronas et al. (2020);
Furuichi et al. (2009); Kravtsova et al. (2009); Milliman and Farnsworth (2013); Ramaswamy
et al. (2008); Robinson et al. (2007); Thanlwin from Baronas et al. (2020); Milliman and
Farnsworth (2013); Robinson et al. (2007); Ramaswamy et al. (2008); Sittang from Baronas
et al. (2020); Milliman and Farnsworth (2013); Robinson et al. (2007). The values of
annual effluence given in each of the above differ from one to the next, so values for annual
discharges were taken to be 422, 211, and 50 km3 /yr for the Ayeyarwady, Thanlwin, and
Sittang, respectively. The only data with higher frequency than annual was Furuichi et al.
(2009), which had monthly discharge for the Ayeyarwady from 1966-1996.
Once the annual discharges for the three rivers (Ayeyarwady, Thanlwin, and Sittang)
were specified, appropriate values for freshwater discharged at hourly timescales were estimated for each distributary mouth (blue circles on Fig. 7). Freshwater was split up into
equal parts among the Ayeyarwady distributaries. Though Kravtsova et al. (2009) does
provide relative discharge amounts for some distributaries of the Ayeyarwady, it was not
all-encompassing and as such, an even split was completed rather than making unjustified
assumptions regarding the remaining distributary contributions. There was no available
monthly data for the Thanlwin or Sittang, but given the monsoonal influence and close
proximity, it was assumed that the seasonal cycle of these rivers was proportional to the
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Ayeyarwady; i.e. Furuichi et al. (2009) showed the Ayeyarwady released ≈ 21% of its annual
discharge in August, so 21% of the annual Thanlwin and Sittang discharge was applied in
the SW monsoon model case, represented by August 2017. January had ≈ 2.25% of annual
discharge for the Ayeyarwady and was applied to the Thanlwin and Sittang similarly. The
Thanlwin discharge was split evenly between the two locations shown in Fig. 7 as those
two points join slightly upstream and the separation was only a result of the model grid.
Sediment data for the rivers was even less available. Only some of the aforementioned
papers discuss fluvial sediment (Baronas et al., 2020; Furuichi et al., 2009; Kravtsova et al.,
2009; Milliman and Farnsworth, 2013; Robinson et al., 2007), with only one providing data
for the Thanlwin, and absolutely none providing data for the Sittang. What was available
was an Ayeyarwady rating curve from Furuichi et al. (2009), which was then applied to the
freshwater discharges in order to have a consistent calculation of sediment efflux. The curve
was defined as:

L = 0.0127 · Q1.4264 ,

(1)

where L is sediment load (kg/s) and Q is freshwater discharge (m3 /s). ROMS fluvial input
requires kg/m3 , however, so L/Q was used as suspended sediment discharge. The sediment
coming out of the rivers was evenly split between the sediment classes at 25% each due to
limited availability of suspended sediments in the river efflux.

3.3 Analysis
Broadly speaking, all analyses were evaluated over a spring-neap cycle unless otherwise
specified. This was due to the relative tidal phasing for each month (August and January),
as each month contained different proportions of the spring-neap cycle. For instance, August
had two full spring tides, whereas January did not complete the second spring tide; biasing
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August towards higher energy characteristics if evaluated over the full month rather than
spring neap cycle. In addition, by focusing analysis on the spring-neap cycle, it allows the
models to have an additional 13 and 8 days of spin-up for January and August, respectively.
Some results refer to ’surface’ and ’bottom’ properties, most frequently with regards to
current velocities. Surface and bottom in this context are taken to mean one meter below the
surface and 1 meter above the seabed, respectively. Model output fields were interpolated to
those levels to more easily compare surface or bottom values for grid locations that spanned
from very deep to coastal water.
Time series of the modeled currents were analyzed as follows. First, the residual currents were calculated as the time-average of the currents. Then, variability of currents was
quantified using an analysis similar to that used by Pullen et al. (2003) for the Adriatic
Sea. The covariance of the current data was calculated, and the analysis identified the
eigenvectors along which the data are correlated, as well as the angle between the major
eigenvector to the east-west axis. This was essentially finding the principal component axes.
To quantify the variability of the currents along each of the principal component axes, the
95% confidence interval of the data was found along each of the eigenvector axes. These
can be plotted as ellipses that are rotated to the principal component axes to give a sense
of both the residual flow and the variability around it.
Sediment export flux was taken across a transect across the Gulf of Martaban at approximately 16◦ latitude. Output sediment concentrations and velocities were multiplied.
Then they were scaled by the vertical thickness of the cell and summed in order find the
depth-integrated flux. These were then either evaluated with respect to time as either time
averaged (Fig. 11) or cumulatively summed over time (Fig. 12). Time averaged was over a
spring neap cycle to remove time period biases and mentioned previously. Cumulative flux
is shown for the entire period of the model runs so that total flux could be compared to

28

sediment input from the rivers.
To evaluate asymmetries in the flood and ebb tides’ capacity for sediment flux, the
following analysis of tidal asymmetry was conducted. This tidal asymmetry was quantified
using a statistical skewness peak current asymmetry (PCA) method as described in Guo
et al. (2019). Skewness is a metric that finds the asymmetry around the mean of a sample
and it is calculated as

Sk(x) = h

− x̄)3
i3/2 ,
2
1 PN
t=1 (xt − x̄)
N −1
1
N −1

PN

t=1 (xt

(2)

where x is the input time series, x̄ is the mean value, and N is the length of the time series
data. PCA represents a tidal regime in which flood and ebb tidal currents have uneven
speeds. Other types of tidal asymmetry exist and have been described as slack water
asymmetry (SWA) when the duration of high and low slack water currents are uneven, and
tidal duration asymmetry (TDA) when the duration of the rising and falling tidal amplitude
are uneven. Peak current asymmetry was chosen over the others for several reasons. First,
TDA only accounts for tidal height and not currents, which limits the relevance for sediment
transport. Second, SWA does account for currents, but is more focused on the vertical
settling of fine sediments rather than the horizontal transport. SWA is also poorly studied
relative to PCA and its control over sediment transport is not as well established. (Guo
et al., 2019; Gong et al., 2016).
This analysis makes several assumptions regarding sediment transport in the Gulf. First,
that the along-Gulf flows (v̄ 0 ) are the dominant transport mechanisms for suspended sediment rather than waves or across-Gulf currents. Second, that a depth-averaged current
threshold (vc ) is an appropriate threshold for sediment transport rather than a bed shear
stress. Third, that depth-averaged currents are a suitable representation of sediment trans-
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port rather than currents that are not depth-averaged.
The PCA used for this project was quantified via the skewness of depth-averaged current
velocities. For each grid cell, the model output provides a time series of the depth-averaged
velocity components, ū, v̄, relative to the east/west and north/south directions, respectively.
These were rotated to align with the axis of the Gulf of Martaban and transformed into
(ū0 , v̄ 0 ), which represent velocity parallel to and perpendicular to the mouth of the Gulf,
respectively. Then, Equation 2 could be applied to v̄ 0 to indicate whether the flows into and
out of the Gulf were ebb- or flood- dominant. The skewness of v̄ 0 was examined rather than
a combination of the u and v components, as these tidal asymmetry metrics are for time
series with only one spatial dimension, having been developed for use in estuaries (Gong
et al., 2016; Guo et al., 2019). For these tidal currents in this coordinate system, a negative
skewness means that the time series has more ebb currents than flood, a positive skewness
meaning that there are more flood currents than ebb. However, for sediment transport
an extra step was necessary. As sediment needs sufficiently large currents in order to be
transported, only those currents should be considered. As such, the skewness of v̄ 0 was
calculated only for |v̄ 0 | > vc , where vc is a critical transport threshold. For the purposes
of this project, vc was chosen to be 10 cm/s. Now, a negative skewness indicates that the
ebb currents are more capable of transporting sediment than the flood currents and vice
versa for a positive skewness. In grid cells where the rotated currents were often below the
critical threshold, skewness was not calculated and a value of zero was assigned.
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4 Results

4.1 Spatial Trends Between Monsoon Conditions
To evaluate the spatial and seasonal differences in the wave and current bed shear
stresses, we analyzed the time-averaged bed shear stresses over a spring neap cycle for
each model case (Fig. 8). These bed shear stresses induced by waves and currents show
some interesting similarities and differences between the two model cases. For both of the
months modeled, current-induced bed shear stresses were highest in the Gulf of Martaban
and decreased dramatically outside of that region. Both models calculated current shear
stresses that were consistently over 1 Pa within the Gulf region and the spatial distribution
was nearly identical. Bed stresses were unsurprisingly lower in the deeper region of the
model domain for both runs, but current stresses were also low along the delta ramp region.
Along the Mouths of the Ayeyarwady, current bed shear stresses only exceeded 0.2 Pa
in isolated locations within the distributary channels. Wave-induced bed shear stresses,
however, did vary between the two model runs. Both runs had higher wave stresses along
the delta ramp area than in the Gulf, though wave stresses in the SW monsoon run were
substantially higher, with values along the delta ramp reaching 0.5 Pa in many locations as
compared to the NE monsoon run, when they rarely exceeded 0.2 Pa. In both cases, the Gulf
of Martaban region was strongly dominated by current-induced shear stresses generated by
fast tidal currents. SW monsoon conditions had higher wave energy along the delta ramp
than NE monsoon conditions, however.
The pattern of surface currents varied dramatically between the two runs, perhaps unsurprisingly given the considerably different atmospheric wind patterns between monsoon
conditions (Fig. 9). Within the Gulf of Martaban, the residual (here used to refer to time31

Figure 8: Time-averaged bed stresses over a spring neap cycle. Top) NE monsoon model
run. Bottom) SW monsoon model run. Left) Wave induced bed stresses. Middle) Current
induced bed stresses. Right) Combined bed stresses. Note the difference in scale between
wave-induced stress plots and the others.
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averaged) currents were weak, with average flow southward out of the Gulf, especially along
the eastern portion of the Gulf. The currents within the Gulf were similar between the
model runs, though there was higher average flow out during the SW monsoon, potentially
due to larger freshwater discharge. The surface currents along the delta ramp showed a
much stronger seasonal variation. In the SW run, the residual surface currents outside
of the Gulf were fairly strong (≈ 20-30 cm/s) and flowed eastward across the delta ramp
region. In contrast, in the NE run, these surface currents were weaker (≈ 10 cm/s), and
flowed westward across the delta ramp region. Though the surface currents showed considerable seasonal variation, the near-bed currents were more similar between the two months.
Broadly speaking, the near-bed currents flowed the same direction between model runs in
nearly all areas (Fig. 10).
Sediment flux across the Gulf mouth differed between the two model runs (Fig. 11). In
both, the central part of the gulf mouth transect had average flux out of the Gulf while the
near-shore regions of the transect which were near land had average flux into the Gulf. In
the NE monsoon, the near-shore regions with flux into the Gulf were much wider, though in
the SW monsoon, they had higher magnitudes. Within the central region, SW conditions
also had higher average flux magnitudes.
Likewise, cumulative sediment flux across the Gulf mouth showed that the SW monsoon has a much higher export than the NE monsoon (Fig. 12 dark lines). During the
NE monsoon, cumulative sediment flux stays mostly centered around 0, with tidal fluxes
causing fluctuations between import and export. During the SW monsoon, there was a
consistent trend of export out of the Gulf, with cumulative sediment flux reaching approximately 46.6 megatons at the end of the simulation. In contrast, the end cumulative flux for
NE conditions was 0.68 megatons. The NE monsoon was much more of a ’mixing bowl,’
homogenizing the sediment already present within the Gulf without much export, whereas
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Figure 9: Time-averaged conditions for both model cases. Left) NE monsoon conditions.
Right) SW monsoon conditions. Top) Color indicates average significant wave height and
blue arrows indicate average wind velocities. Bottom) Color indicates sediment concentrations 1 meter below surface. Black arrows indicate current vectors 1 meter below surface.
The blue line is the 28 PSU isohaline contour 1 meter below surface, indicating the extent
of the freshwater plume. Bathymetric contours at 10m intervals. Scales for winds (top) and
currents (bottom) shown over land in the top right of each panel.
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Figure 10: Arrows indicate time-averaged currents. The ellipses around each arrow indicate
the 95% confidence intervals along the principal component axes. Ellipses are variance
around the mean vector, but were centered around the vector origin for visual clarity. Top)
Surface currents 1 meter below surface (mbs). Bottom) Bottom currents 1 meter above
bed (mab). Left) NE monsoon case. Right) SW monsoon case. Scales for time-averaged
currents and variance are in the top right of each panel, notice the difference in scales.
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Figure 11: Depth-integrated, time-averaged sediment flux per meter across the mouth of
the Gulf of Martaban. Positive values denote import into the Gulf, whereas negative values
denote export. Red line on the inset map shows the location of the transect.
the SW monsoon mixed, but also had substantial export.
Despite the differences in sediment export between the two model runs, the average surface suspended sediment concentration distribution showed a similar pattern. In both, the
Gulf of Martaban had moderate surface sediment concentrations for the average conditions
(Fig. 9 bottom color) on the order of hundreds of mg/L. The SW monsoon conditions run
had a higher concentration, but the spatial pattern was similar. On the other hand, the
average extent of the freshwater plume did differ between the two model runs (Fig. 9 blue
line). The freshwater plume in the SW monsoon run extended further offshore in the delta
ramp and Gulf region. The delta ramp plume extent followed the surface current direction
and was carried southeast during the SW monsoon model run. The NE monsoon freshwater
plume extended perpendicularly to the shore, and had a smaller spatial footprint.
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Figure 12: Cumulative depth-integrated sediment flux across the Gulf Mouth transect shown
in Fig. 11. Positive values denote import into the Gulf, whereas negative values denote export. Dark, thick lines indicate the cumulative flux after a 5-day moving average was applied
to highlight the differences between seasons. Light, thinner lines indicate the cumulative
flux before the moving average was applied. Notice the high level of tidal variability.

4.2 Tidal Variability
Tidal forcing was important, especially in the Gulf of Martaban for both the SW and
NE monsoon conditions. Tide range in the model domain showed a strong spatial variation
(Fig. 13). Within the Gulf of Martaban, one would expect the tide range to increase to the
north, where the Gulf narrows and creates a funnel shape. Typically, this type of coastal
morphology generates an increase in tide range along the axis of the funnel (Dalrymple and
Choi, 2007); however, the model results did not match that pattern. Tide range was highest
in the eastern side of the domain, within the Gulf of Martaban and extending south along
the coast there. Highest tide ranges were found along the southeastern side of the Gulf,
which conceptually aligned with potential effects from Coriolis. Another tidal model of this
area showed a similar spatial pattern in the tidal range (Sindhu and Unnikrishnan, 2013).
In both of this project’s model cases, tide range decreased in the upper reaches of the Gulf.
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Figure 13: Calculated model tide range over the focus region for a spring tide condition.
Neap conditions show similar spatial trends, just with smaller magnitudes. Red x on the
Pathein distributary shows the location of the tide gauge used for model data comparison.
It is unclear at this time whether this was a model artifact or a real phenomenon, as the
FES 2014 tide model shows a similar decrease in tidal amplitude in that area (FES2014 was
produced by Noveltis, Legos and CLS and distributed by Aviso+, with support from Cnes
[https://www.aviso.altimetry.fr/]).
The average currents were low in the Gulf relative to the variance in those currents (Fig.
10). Tidal currents within the Gulf region regularly exceed 1 m/s, reaching up to 2.5 m/s
during spring conditions. The fluctuations between flood and ebb tide velocities dominate
the variability of currents within the Gulf region. Along the mouths of the Ayeyarwady,
tidal currents were weaker.
During the SW monsoon, the sediment flux out of the Gulf of Martaban showed a strong
difference between spring and neap conditions and over tidal cycles (Fig. 12 light lines).
The cumulative sediment export trend increased more quickly during spring tides (around
days 9 and 23); during neap tides (around days 16 and 30), the export trend plateaued.
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Sediment was preferentially exported out of the Gulf during spring tide conditions in the SW
monsoon model run. The NE monsoon model run did not show this relationship, instead
maintaining the ”mixing bowl” behavior consistently between spring and neap tides, with
large fluxes in and out of the Gulf over tidal cycles; the magnitude was the only major
difference through the spring neap cycle for the NE monsoon.
Spring tide periods within both models had stronger vertical mixing than their corresponding neap periods (Fig. 14). Calculated shear rates were higher during spring,
especially near the bed. These shear rates were calculated in the middle of the gulf along
the 10m isobath where the tide range was ≈ 4m. Similarly, spring conditions were well
mixed, whereas some stratification did arise during neap conditions. Though not immediately apparent in Fig. 14, there was an asymmetry in tidal shear rates. Values were higher
during ebb tides than flood tides, especially during the spring period. During neap, the
difference was less pronounced in this location.
Within the Gulf of Martaban region, surface sediment concentrations were intensely
different between spring and neap conditions (Fig. 15). The following results are focused
on SW conditions, though the patterns were similar in the NE condition runs as well. During
spring tides, the extent of the turbidity zone (the area of high sediment concentrations) was
much larger than during neap conditions. The entire Gulf area had relatively high surface
sediment concentrations of over 1 g/L, whereas during neap that turbidity zone was much
smaller and contained near the coast in the upper reaches of the Gulf. The sharp ’front’
where the high and low sediment areas meet aligns well with analysis of current asymmetry.
During spring tides, currents were ebb skewed within the Gulf and flood skewed outside the
Gulf. During neap, ebb currents were weaker and thus the flood skewness extends further
into the Gulf. In both cases, the front along which the flood and ebb dominated asymmetry
regions meet corresponds to the front of surface sediment concentration.
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Figure 14: Model shear rate and suspended sediment concentrations at a location in the
middle of the Gulf of Martaban on the 10m isobath over a spring neap cycle (spring to
spring) in the SW monsoon model case. Y-axis is height above bed (z) divided by water
depth (h), normalized due to high tidal amplitudes. Top) Calculated model shear rate. High
shear rates (yellows) occur more during spring tides, where as neap tides have lower shear
rates. Color scale was limited to 10 Hz for visual clarity, though near the bed shear rates
increased even more. Bottom) Suspended sediment concentrations at the same location.
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Figure 15: Top) Spring tide conditions. Bottom) Neap tide conditions. Left) False-color
satellite images of the region from Ramaswamy et al. (2004). Middle) Model output of
surface sediment concentrations (color) and depth-averaged currents (arrows) during peak
ebb in the SW monsoon. Right) Current asymmetry via skewness metrics as described in
Section 3.3. Blue indicates ebb-dominant currents; red indicates flood-dominant currents.
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Figure 16: Surface sediment and current asymmetry as in Figure 15. Top) The neap
conditions shown in Figure 15. Bottom) Another neap tide during the SW monsoon run
that showed different behavior. The additional black arrows (and magnitude labels) over
the Ayeyarwady Delta indicate the average winds for those times.

4.3 Additional Variability
Though tidal and seasonal differences show much of the temporal variability, there were
two additional factors that came into play and will be discussed here. To evaluate the role
of wind forcing and unequal neaps, surface sediment concentrations and current asymmetry were compared for two consecutive neap tides from the SW monsoon condition model
runs (Fig. 16). Episodic wind events can induce surface currents during neap tides when
the tidal currents are less intense. These surface currents impact surface transport when

42

occurring. Similarly, there was variability between individual neaps. The tidal constituents
implemented in this model generate an uneven spring-neap cycle, with alternating strong
and weak springs and neaps (Fig. 5). The ranges for each spring and neap were approximately: spring (5m), neap (3m), spring (5.5m), neap (2m); the magnitude of tides was
unequal between consecutive springs and consecutive neaps. It was important to note that
they were still very much clear springs and neaps, the magnitude was merely slightly different between them. During the weaker (lower tidal amplitude) neap conditions, winds were
strong (7 m/s) and surface sediment and current asymmetry were as shown in the previous
section. During the stronger (larger tidal amplitude) neap, winds were weaker (4 m/s) and
they resemble the springs more closely, albeit with lower sediment concentrations. The weak
neaps in this model run coincide with stronger wind events, so the difference in asymmetry
and sediment was likely a combination of these effects and additional work would need to
be completed in order to separate the effects. The combination of increased wind forcing
and stronger neap tides had a marked impact on currents and shifted the boundary between flood and ebb dominance several km seaward (Fig. 16). This also caused the surface
sediment plume to extend much further seaward.

4.4 Model-Data Comparison
Though data in this area is quite limited, there are some tidal gauge data available from
IOC-UNESCO. One gauge, at Hainggyikyun along the Mouths of the Ayeyarwady (Fig.
13), had water level data consistently available for 30 days during the time period of the
southwest monsoon case, August 2017 (Fig. 17). Though it was not in the main focus
area of the Gulf of Martaban, it was the best available data. The water level data had
a frequency of one minute and was sub-sampled to one hour to match the model output
frequency. A correlation was completed between the water level data and model output at
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Figure 17: Comparison of model output and tide gauge data along the Mouths of the
Ayeyarwady. Top) Time series of de-trended water level and model sea surface elevation.
Bottom) Scatter plot of the gauge and model data as well as the line y=x. Red points
correspond to the first five hours, during the initial spin-up period of model water levels.
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the cell closest to the gauge location. The two time series were in quite good agreement,
with an R2 value of 0.8746. The model had a tendency to predict slightly higher water
levels for the high and low tide periods (more extreme highs and less extreme lows).
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5 Discussion

5.1 Sedimentary Patterns
From sediment core data in Kuehl et al. (2019), the Gulf of Martaban region was shown
to have thick sediment mixed layers (up to 120 cm), implying sediment was resuspended and
deposited repeatedly. However, it is unknown if the thick mixed layers found in the cores
were omnipresent, periodic, or transient in time and space as cores were taken during a short
period. The magnitude of such thick mixed layers were not found in this model; though
given the limitations and lack of constraints in sediment model parameterization, capturing
the exact magnitudes was unlikely. By examining the maximum and minimum thickness of
the sediment bed over a spring-neap cycle, sediment mixed layers were found up to 15cm
thick in the model, indicating intense seabed mixing. This was under the assumption that
the sediment on the bed during maximum thickness was eroded and suspended, thereby
leading to the minimum thickness.

5.2 Seasonal Flows And Sediment Flux
Based on global wave model data and historical records of surface currents, Kuehl et al.
(2019) concluded that sediments in the Ayeyarwady subaqueous delta region would be
subject to resuspension via wave energy and carried into the Gulf of Martaban by eastward
flows during the SW monsoon. The model results support this as can be seen by the wave
energy (Fig. 8 left bottom), surface currents (Fig. 9 bottom right arrows) and average
sediment flux across the Gulf mouth (Fig. 11). Liu et al. (2020) interpreted the surface
currents that transported the sediments into the Gulf as those generated by wind-induced
Ekman transport. The modeled pattern of surface currents across the Ayeyarwady delta
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region broadly match what Ekman transport would generate in both the NE and SW
monsoon conditions (Fig. 9 bottom arrows).
Based on historical records of surface currents, the flows along the Ayeyarwady subaqueous delta have been thought to have a bidirectional pattern between the two seasons
Rodolfo (1969): broadly, eastward during the SW monsoon and westward during the NE
monsoon across the mouths of the Ayeyarwady. This was not an unreasonable statement,
even given only information about the winds as Ekman transport would induce such currents. The model does reproduce this pattern, though the current speeds were much faster
during the SW monsoon due to stronger winds (Fig. 9 bottom right arrows). The NE
monsoon surface currents were weaker and less spatially consistent (Fig. 9 bottom left
arrows). The modeled near-bed flows that generally dictate sediment transport, however,
were remarkably similar between the two monsoon cases (Fig. 10 bottom arrows) and did
not show any such bidirectionality. Both the modeled surface and bottom currents showed
a high degree of variability (Fig. 10 ellipses); the flood and ebb tidal currents were larger
than the average currents over the majority of the domain, overwhelming the average flows
by as much as an order of magnitude in the Gulf.
Recent works have suggested more complex circulation patterns. Chakraborty and Gangopadhyay (2015) and Chakraborty et al. (2016) identified a perennial cyclonic eddy within
the Gulf that this model also included, though less distinctly. Chatterjee et al. (2017)
demonstrated that surface currents along the Ayeyarwady Delta can fluctuate between
eastward and westward on timescales on the order of days. Just as in Chatterjee et al.
(2017), this model showed that there was a difference between the directionality of surface
and near-bed currents, and that the currents have a high degree of variability.
Sediment transport in the Gulf of Martaban was highly variable as a result of the strong
tidal currents. Fluxes in the Gulf alternate between being landward and seaward, with
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substantial net flux out of the Gulf only occurring during the SW monsoon (Fig. 12). This
oscillatory flux strongly mixes the water column as well as resuspends sediment, supporting
the notion of the Gulf being a region of intense seabed mixing as described in Kuehl et al.
(2019).
The NE monsoon surface currents had been hypothesized to carry sediment from the
delta ramp region to the west ’around the bend’ of the Ayeyarwady Delta, supporting
creation of a mud belt seen in observations of that area (Kuehl et al., 2019; Liu et al., 2020).
This numerical model showed minimal net sediment flux from the northern Andaman Sea
into the Bay of Bengal, suggesting that the sediment accumulated offshore of the Rakhine
coast did not originate from the Ayeyarwady River. Instead, one might look to the small
mountainous rivers on the seaward side of the Indo-Burman range.

5.3 Turbidity Zone Extent
Liu et al. (2020) and Matamin et al. (2015) concluded that the extent of the turbidity
zone in the Gulf of Martaban responded strongly to the seasonal monsoon. The model
showed that while there was a difference in the turbidity zone between seasons (Fig. 9),
the spring-neap cycle was a much more dominant control on the spatial extent of the
turbidity zone (Fig. 15). Satellite images were used to explore the spatial and temporal
variability of turbidity zone extent, both in this work and other studies. Cloud cover is a
substantial issue in this area, corrupting Gulf of Martaban data for approximately 80-90%
of the SW monsoon images, compared to 20-40% of NE monsoon images. Despite this, it
was still possible to examine satellite images, especially during the NE monsoon period.
The Matamin paper used monthly-averaged data from the MODIS satellites in order to
minimize cloud interference in the satellite images. However, such averaging eliminates the
spring neap cycle and subsequent analysis can not be able to resolve the spring-neap effects.
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To evaluate the degree to which the spring-neap cycle influences the extent of the turbidity as seen in satellite images, multiple images from January 2020 were examined. January
2020 was chosen due to limitations in the tidal gauge data as well as cloud cover in the
satellite images. Neither January 2018, nor August 2017 (the months modeled in this
project) had both complete tidal data and low cloud cover images. Tidal gauge data from
Moulmein on the eastern side of the Gulf of Martaban near the mouth of the Thanlwin
River was examined in order to establish in-situ spring and neap conditions (sourced from
IOC-UNESCO). MODIS satellite images from these periods were then evaluated for surface
sediment concentrations (sourced from NASA EOSDIS).
For January 2020, 31 images were available, one for each day of the month. 8 were
either obscured by high cloud cover or did not include the entire Gulf of Martaban; the
remaining 23 were used to investigate the variability in surface SSC over the spring neap
cycle, though only images for peak spring and peak neap are shown here. In the January
2020 images, the spring and neap turbidity zone extent behaves similarly to the model (Fig.
18). During spring conditions, the surface sediment extends all the way to the edge of the
Gulf and during neap conditions, sediment remains close to the coast as in the model results.
This can also be seen in other periods not shown where the tide gauge and satellite images
are consistently usable. It is important to note that the IOC UNESCO does not claim to
be research quality data, but as mentioned previously, there is very limited data available.
There was more rigorously controlled data available from the University of Hawaii Sea Level
Center, but only has data available up to 2018. Unfortunately, the January periods when
the water level data was available, has significant cloud coverage over parts of the month.
Thus, this project sought to use the IOC data and January 2020 as the satellite images had
little to no cloud cover during the spring neap condition period. This data supports the
idea that the turbid zone extent was controlled more so through spring neap variability, in
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good agreement with the model as seen in Fig. 15. As such, the model could be used to fill
knowledge gaps during SW monsoon conditions when satellite images are predominantly
blocked by cloud coverage.

5.4 Tidal Pumping And Rectification
The time averaged sediment fluxes (Fig. 11) showed a trend of ebb-dominant transport
in the deeper central region of the Gulf and flood-dominant transport in the shallow regions
near the coasts, especially on the eastern side of the Gulf. This pattern potentially arose
from a combination of effects that have been documented in tidal estuaries, as the Gulf of
Martaban can be thought of as a large tidal estuary, such as tidal pumping and rectification.
Tidal pumping is a mass flux that arises from a correlation between (in this case) sediment
concentration and water velocity. Tidal rectification is a non-linearity that arises from
the equations of motion and advection of momentum laterally within a system, resulting
in residual forces up- and down-estuary in different parts of the system. Friedrichs and
Hamrick (1996) examined current observations in the James River (Virginia), which is a
tidal estuary much smaller than the Gulf of Martaban, as well as analytical equations and
a numerical model of that area. In their Fig. 10, they showed the generation of currents
brought about by tidal pumping that were more intense in the eastern portion of a tidal
estuary. In Figure 12 of the same paper, they showed time-averaged currents that were
seaward in the central deep region and landward in the shallow regions at the edges of the
the estuary. In their analysis, the flows with this pattern had the effects of tidal pumping
mass transport removed beforehand, indicating their generation was by tidal rectification.
This qualitative pattern of seaward over central deep areas and landward over shallower
areas has been documented in other publications as well, such as Friedrichs et al. (1992),
where the pattern was strongly influenced by channel and bathymetric geometry. Huijts

50

Figure 18: Top) Satellite images from of the study region from NASA EOSDIS during
January 2020, corresponding to peak spring (Jan 13 and Jan 26) and peak neap (Jan 6
and Jan 19) conditions. Bottom) Tide gauge data from Moulmein near the mouths of the
Thanlwin for the same period. Blue bars represent the days corresponding to the satellite
images.
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et al. (2009) shows that the right-hand side of an estuary, while looking landward in the
northern hemisphere, has stronger flood-dominant flows as a result of the advection of tidal
momentum in the estuary and Coriolis deflection. These tidal rectification processes lead
to asymmetric distributions of along-channel flows in the case of large tidal velocities such
as those present in the Gulf of Martaban. This can be seen in the model results, especially
in the sediment flux across the Gulf transect. Though in the case of this model, the eastern
intensification was further enhanced by the larger tide range along the eastern side of the
Gulf, which was itself the result of Coriolis deflection combined with the large size of the
Gulf. These combined mechanisms lead to the pattern of ebb-dominant flow in the middle
of the Gulf and flood-dominant flow at the edges, with stronger flood dominance on the
eastern side.

5.5 Deposition Patterns
The sediment environment in the study region has yet to be fully established, but some
insights can be gained by examining characteristic conditions from the model and climatology. Classifications of sediment environments and depocenters have been established
based on regional characteristics, which can be used to estimate the types of environment
in the study region. the modeled depositional patterns will be considered in the context of
the classification systems of sedimentary environments presented by Walsh and Nittrouer
(2009), and Hanebuth et al. (2015). Recent field studies (Kuehl et al., 2019) showed a
bilateral asymmetry in sedimentary environments from east to west in the study region, so
the Gulf of Martaban and the Ayeyarwady Delta ramp will be examined separately.
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5.5.1 Gulf Of Martaban
The Gulf of Martaban receives high annual sediment discharge directly from the Sittang,
Thanlwin, as well as some distributaries of the Ayeyarwady such as the Yangon River. The
funnel shaped embayment extends nearly 200 km long and is 250 km wide at its mouth, yet
reaches maximum depths of only 20-30 meters. Tide range is high, reaching 6+ meters in the
east, though the majority is at least 4m in amplitude (Fig. 13). Wave energy is moderate
to low, generally below 1m significant wave height, even in SW monsoon conditions (Fig. 9
top color). The energy available for resuspension here is high, as evident by modeled bed
shear stresses (Fig. 8).
By the Walsh and Nittrouer classification, the Gulf of Martaban should be classified as
a ’subaqueous delta clinoform.’ As mentioned previously, there was evidence of a clinoform
feature along the transition from the Gulf of Martaban to the Martaban depression, lending
credence to this classification. The Hanebuth classification system classifies the Gulf of
Martaban as a ’mud blanket,’ explicitly naming it as such in their paper. Interestingly
enough, Hanebuth names low hydrologic energy as a primary factor in the formation of
mud blankets, but the Gulf has highly energetic tidal currents. It was possible that if the
tidal currents are sufficiently energetic, that they would cause an increase in uniformity of
the bed, leading to a a mud blanket deposition type. The Hanebuth classification system
also lists subaqueous deltas with similar formation mechanisms to mud blanket, with the
exception of having higher energy. Based on the model and the work of Kuehl et al.
(2019), it is likely that there is a combination of environment types, with a mud blanket
forming nearshore within the Gulf and a subaqueous delta forming further offshore where
tidal energy has decreased. Given the spatial extent of this area, it is not unreasonable to
assume that both deposition types could arise.
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5.5.2 Ayeyarwady Delta Ramp
The delta ramp has many similarities to the Gulf of Martaban, high sediment input and
a relatively wide shelf, extending approximately 150 km to the 100m isobath. However,
oceanographic energy was quite different. Tide range along the delta ramp was much lower,
closer to 2m (Fig. 13). Waves are more energetic as the area is less sheltered and significant
wave height averages around 2m during the SW monsoon (Fig. 9 top color), with episodic
waves reaching 3+ meters. The total energy available for resuspension here was much lower
than the Gulf of Martaban, though waves are much more capable of suspending sediment
here than in the Gulf (Fig. 8).
By the Walsh and Nittrouer classification, this area was less easily defined. This classification system separates ’subaqueous delta clinoform’ and ’marine dispersal’ based on
wave heights and tidal amplitude. If waves are less than 2m while tides are greater than
2m, then it was classified at a subaqueous delta. Since the tides and waves along the delta
ramp average both about 2, it was less clear which deposition type it would be classified
as. In fact, examining the phase space within that paper, tides of 2m and waves of 2m
are a triple point between marine dispersal, subaqueous delta, and proximal accumulation
types. The Hanebuth system lists the Ayeyarwady (’Irrawaddy’ in the text) as another mud
blanket, similar to its classification of the Gulf. Given the results of this model, the marine
dispersal and mud blanket classifications are in moderate agreement regarding mechanisms,
but the resulting environment was slightly different. The high wave energy and moderate
tides resuspend fine sediment, removing it from the delta ramp area due to the complex
shelf morphology rather than allowing it to form a uniform deposit across the shelf, thus
this area would be best classified as a subaqueous delta. Kuehl et al. (2019) and Liu et al.
(2020) showed that the sedimentary environment along the Ayeyarwady Delta would not
fit the description of a mud blanket, further supporting a subaqueous delta classification.
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5.6 Similar Systems
The Ayeyarwady-Thanlwin system shows some similarities to both the Amazon and
the Ganges-Brahmaputra system, allowing for some additional inferences regarding the
A-T river system. All three are in locations where strong fluvial and marine processes
meet, having high discharge of water and sediment, as well as being macro-tidal. The
Amazon has a tide range of more than 6 meters (Jaeger and Nittrouer, 1995) and the
Ganges-Brahmaputra has spring tide ranges of more than 4 m (Hale et al., 2019); both are
macro-tidal and similar to the Ayeyarwady-Thanlwin system’s tidal range, which reaches
more than 6 meters in certain areas. All three likewise have large annual sediment fluxes.
1200 MT/yr in the Amazon (Jaeger and Nittrouer, 1995); 1060 MT/yr in the Ganges
Brahmaputra (Kuehl et al., 2019); 364-654 MT/yr in the Ayeyarwady-Thanlwin (Baronas
et al., 2020). While the A-T system has lower sediment discharge, the magnitude is still large
relative to other river systems, being the third largest river system in terms of suspended
sediment discharge after the two aforementioned systems (Kuehl et al., 2019). Both the
Walsh and Nittrouer (2009) and Hanebuth et al. (2015) classification systems classify the
Amazon and Ganges-Brahmaputra as subaqueous deltas, just as this project classified the
Ayeyarwady Delta region. The Ganges-Brahmaputra does lose a large amount of sediment
to a submarine canyon, but enough remains to build a subaqueous delta clinoform as the
Ayeyarwady does. The Ganges-Brahmaputra is also heavily influenced by the seasonal
monsoons in the Bay of Bengal. These similarities allow for inferences about the A-T
system and relative importance of some of the processes neglected in this model. Fluid
muds and cohesive properties have played large roles in sediment transport within the
Amazon system (Jaeger and Nittrouer, 1995; Kineke et al., 1996; Kuehl et al., 1996), and
as such are a reasonable focus for additions in future modeling work.
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5.7 Avenues For Future Work
The model presented here included the hydrodynamic response to winds, tides, open
boundary conditions, and sediment transport including fluvial sediment input and seabed
resuspension. However, the model developed required several assumptions, such as static
specification of sediment settling velocity and critical shear stress; and neglected some processes such as flocculation, consolidation, and fluid muds. Below, we discuss the implications
of processes not included in this model that may be relevant to the study and be potential
paths for future modeling work.

5.7.1 River Discharge
River discharge within each model case was held at a steady value based on the climatological averages for each month due to limited discharge data. In reality, though, river
discharge is often highly variable, with interannual variability of wet or dry seasons being
driven by precipitation. There is also the potential for storm events to impact discharge,
though it may be negligible with rivers of this size. During the SW monsoon, precipitation
is high fairly consistently, but there would still be variance around the mean (Robinson
et al., 2007). During large flow periods the amount of freshwater and sediment entering the
region could have a much larger short-term effects. Enhanced stratification and sediment
loading during these periods would impact transport during such times.
Recently, Baronas et al. (2020) gave further insight into the rivers using sediment depth
samples and velocity measurements to construct a Rouse profile model, a new rating curve,
and estimate discharge. Their data and analysis reveals a lower freshwater and sediment
discharge than in Furuichi et al. (2009) (30% lower for the Thanlwin). Freshwater and
sediment discharges were found to be 379 km3 /yr and 326 MT/yr for the Ayeyarwady,
and 149 km3 /yr and 159 MT/yr for the Thanlwin (Baronas et al., 2020). Given this new
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information, the model forcing may be overestimating river discharge of freshwater and
sediment. The overestimation does not alter the main conclusions of this project, but
would have an effect that is nevertheless important to keep in mind.
Whether using Baronas et al. (2020) to specify freshwater discharge or Furuichi et al.
(2009), as this project did, there is something to consider. Both those works describe river
flow and sediment load at Pyay, which is upstream of the distributary network. Fluvial
discharge was being added to the model at the upstream edge of the distributaries, the
nearest of which was nearly 300 kilometers from Pyay as the crow flies. The recent work
by Glover et al. (2021) found that the Ayeyarwady upper delta (which is 20-50 km upstream of the distributary mouths, and more than 100km downstream of Pyay) retained a
large portion (20-60%) of the mainstem sediment load. The tidal freshwater system of the
delta modulates sediment discharge and sediment supply to the coastal ocean, with each
distributary behaving differently. To determine if these effects could dramatically impact
the conclusions, one could complete sensitivity tests to evaluate the impact of vastly different freshwater and sediment discharges. If the conclusions were sensitive to changes in
discharge, it could potentially be more rigorously applied by taking such effects into account
through satellite-based hydrology.

5.7.2 Sediment Properties
Settling velocity has a dramatic impact on sediment transport within numerical models
(e.g. Tarpley et al. (2019)). Little is known about either sediment sizes that are discharged
from the Ayeyarwady, Thanlwin, and Sittang Rivers, or the settling properties of suspended
matter in the northern Andaman Sea. Sediment bed grab samples have been taken within
some of the Ayeyarwady distributary channels, showing bed grain size distributions along
those particular channels (Glover et al., 2021). However, Glover’s data showed that the
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sediment in the bed between channels was not the same; one channel may be sandy while
another was mostly clay at approximately the same time. This spatial variability shows
the need for more rigorous river sampling across all distributaries if one were to expect a
numerical model to account for sediment properties in a more robust fashion. Baronas et al.
(2020) took water column sediment samples from within the Ayeyarwady River. However,
they showed that by using simple means, grain size parameters (D50 and D84 ) of samples
were over- or under-estimated depending on the cross-section of the river in question and
concluded that simple mean estimates did not properly account for near-bed transport. In
any case, there is still a large amount unknown regarding sediment settling properties in
the region.
The model included four sediment size classes, each of which was assigned a constant
settling velocity. The settling velocities used in this model were estimated by applying the
empirical relationship from Soulsby (1997) to grain size data from sediment cores taken
in Kuehl et al. (2019), but were expanded to cover a larger range of settling velocities to
account for the uncertainty in settling. True settling velocities of the sediment could be
substantially different depending on physical properties, flocculation, hindered settling, etc.
A model utilizing the Sherwood et al. (2018) cohesive sediment routines would account for
flocculation, but would be computationally expensive and is inadvisable in the absence of
sufficient field observations.
The behavior and properties of cohesive sediments depend more strongly on the individual particles than noncohesive sediments and as such are more difficult to accurately model
(Dyer, 1986; Mehta, 2014; Sherwood et al., 2018). Cohesive sediments have the ability to
combine together via flocculation and form larger mud flocs; similarly, those large flocs can
then break up into smaller particles, modifying the settling velocities of the sediment. If
in-situ settling velocities were found to be very different from the parameters used within
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this model, there would be implications for the sediment transport results. The lack of
constraints on sediment properties was a major factor in the uncertainty of this model.
Bed evolution in this model did not include consolidation processes, which are important
for cohesive sediments. Consolidation cycles impact critical shear stresses over small scale,
affecting how sediment behaves on the bed and the vertical flux of sediment from the bed
back into the water column (Rinehimer et al., , 2008; Mikkelsen et al., 2005; Winterwerp,
2002). Azhikodan and Yokoyama (2018) found that the consolidation of fine sediments in a
macro-tidal estuary system had an large impact on suspended sediment concentrations over
a tidal cycle; sediment concentrations differed highly between the flood and ebb tides when
compared at similar bed stresses. The consolidation state of the modeled region’s sediment
bed is unknown. Due to the strong tidal dynamics, choosing an accurate erosion formulation
would be difficult. Implementation of the Sherwood et al. (2018) cohesive sediments model
could account for bed consolidation, but would be difficult to parameterize without ample
field observations.

5.7.3 Fluid Muds And Gravity Flows
In high enough concentrations, cohesive sediments can form fluid muds, which are dense
near-bed layers of suspended sediments with concentrations over 10 g/L, though there is not
an established exact threshold (Dyer, 1986; Kineke et al., 1996; Mehta, 2014). Fluid muds
were not considered part of the seabed as they can be mobile and can have a large impact
on the behavior of near-bed flow and dampen wave energy (Kineke et al., 1996; Winterwerp
et al., 2007, 2012). In the presence of fluid muds, concentrations are high and often form a
lutocline over the fluid, in a response to sediment-induced stratification. Such stratification
further reduces turbulence and mixing, impacting the bottom boundary layer even further
(Dyer, 1986; Kineke et al., 1996). Kuehl et al. (2019) found reduced conductivity in Gulf
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of Martaban CTD profiles, which could suggest that fluid muds were present in the region.
The model case for SW monsoon conditions did achieve sediment concentrations in excess
of 10 g/L within the Gulf of Martaban, suggesting that fluid muds could form in the region.
These high concentrations were confined to near-bed and occurred only during spring tide
conditions, but were transient and were not maintained for extended periods. Azhikodan
and Yokoyama (2018) found that in a macro-tidal estuary, fluid muds formed during slack
high-water in a spring tide due to settling of fine sediments and dissipated in other periods,
lending support to the potential transience of fluid muds.
The presence of fluid muds may also create opportunity for gravity flows to occur.
Gravity flows are a transport mechanism in which the added weight of suspended sediment
creates downslope motion in the fluid-sediment mixture. These sediment flows are seen as
an important sediment transport process and have the potential to move large amounts of
sediment in episodic transports (Wright and Friedrichs, 2006). In locations where there is
convergent transport and suspended sediment concentrations increase, or in an area with
deposition on a steep shelf, once instabilities are introduced (through waves, currents, trawling, etc [Traykovski et al. (2007); Ayranci et al. (2012); Puig et al. (2012), respectively]),
they can initiate sediment transport down slope. In certain conditions, sediment gravity
flows can become autosuspending, generating enough bed shear stress to entrain additional
sediment off the bed as it travels, reinforcing its own motion (Parsons et al., 2007). Gravity
flows are a primary influence on across-shelf sediment transport on muddy shelves, as well as
being a major contributor to formation of subaqueous deltas and clinoform features (Wright
and Friedrichs, 2006). Though the model did not explicitly represent any specific type of
gravity flow, the suspended sediment concentrations did impact fluid density. Across the
clinoform, sediment was carried down slope from the Gulf into the Martaban Depression,
implying a form of gravity flow. The presence of fluid-mud level suspended sediment con-
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centrations within the model output combined with the intensity of tidal currents, especially
over the subaqueous delta clinoform, and the transport across the clinoform suggest that
gravity flows could play an important role in regional sediment transport down slope. Implementing an explicit representation of gravity flows in the model would provide additional
information regarding the impact of the transport mechanism in the area and is a potential
avenue for future work.
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6 Conclusions

This thesis used a three-dimensional coupled hydrodynamics and sediment transport
model to evaluate seasonal and spatial trends in sediment flux for the Ayeyarwady-Thanlwin
River system. The major conclusions of the study are as follows:
• Fine sediment on the delta ramp is preferentially resuspended by waves and carried
by surface currents into the Gulf of Martaban during SW monsoon conditions.
• Surface currents across the delta ramp are bidirectional between the two monsoons:
eastward during the SW monsoon, and westward during the NE monsoons. However,
the surface currents are much stronger and more consistent during the SW monsoon,
suggesting transport across the mouths of the Ayeyarwady is not symmetric, with
more sediment being transported during the SW monsoon.
• Tidal currents are the dominant transport mechanism within the Gulf of Martaban,
causing intense seabed mixing and homogenizing the sediment.
• Sediment export from the Gulf of Martaban occurs primarily under SW monsoon
conditions. The magnitude of export is increased during spring tides.
• The spring-neap cycle has a dramatic effect on sediment concentrations, especially
at the surface. Compared to neap tidal conditions, spring tides increase suspended
sediment concentrations and generate spatial expansion of the high turbidity zone
within the Gulf of Martaban.
• The extent of the Gulf turbidity zone is strongly connected to current asymmetry,
with extent increasing during spring tides when currents are more ebb preferential.
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